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Abstract
The National Aeronautics and Space Administration (NASA) has identified the high efficiency Advanced Stirling Radioisotope Generator (ASRG) as a candidate power source for long duration Science missions, such as lunar applications, Mars rovers, and deep space missions, that require reliable design lifetimes of up to 17 years. Resistance to creep deformation of the MarM-247 heater head (HH), a structurally critical component of the ASRG Advanced Stirling Convertor (ASC), under high temperatures (up to 850 °C) is a key design driver for durability. Inherent uncertainties in the creep behavior of the thin-walled HH and the variations in the wall thickness, control temperature, and working gas pressure need to be accounted for in the life and reliability prediction. Due to the availability of very limited test data, assuring life and reliability of the HH is a challenging task. The NASA Glenn Research Center (GRC) has adopted an integrated approach combining available uniaxial MarM-247 material behavior testing, HH benchmark testing and advanced analysis in order to demonstrate the integrity, life and reliability of the HH under expected mission conditions. The proposed paper describes analytical aspects of the deterministic and probabilistic approaches and results. The deterministic approach involves development of the creep constitutive model for the MarM-247 (akin to the Oak Ridge National Laboratory master curve model used previously for Inconel 718 (Special Metals Corporation)) and nonlinear finite element analysis to predict the mean life. The probabilistic approach includes evaluation of the effect of design variable uncertainties in material creep behavior, geometry and operating conditions on life and reliability for the expected life. The sensitivity of the uncertainties in the design variables on the HH reliability is also quantified, and guidelines to improve reliability are discussed. A prime design requirement of the ASRG is to ensure its efficient and reliable performance during the entire mission, up to 17 years long, without inspection, maintenance and repair. Therefore, assessment of reliability of the ASRG is very critical for assured mission success. The ASC is a critical subsystem of the ASRG that converts the thermal energy to electric power. The heater head (HH), a variable-thickness, thin-walled cylindrical pressure vessel, is one of the most critical components of the ASC. The HH hot end conducts heat from a heat collector and general-purpose heat source (GPHS) module of the ASRG and supplies it to the convertor internal heat acceptor.
Nomenclature

ASC
A traditional HH design process also involves performing feasible component tests to validate the design in order to assure reliability and durability before long-term structural systems can be accepted for use. However, due to technical and practical limitations, it is not possible to run full-duration, long-term tests that would simulate the actual operational conditions. Additionally, it is difficult to capture the effects of uncertainties in the material behavior, fabrication, manufacturing process, operational load conditions, etc. in a limited number of tests. The current design approach uses computer simulations or virtual experiments, validated with the limited test data, under different design and operating conditions to understand the behavior of components and aid quantification of the long-term behavior and estimate reliability. Computer simulations enable studying the effect of design changes and the impact of variations in critical design variables on component performance in a shorter time at lower cost without performing a full-up test.
The proposed structurally critical cylindrical HH has variable thickness wall sections made from Microcast (small size grains) MarM-247 and is required to function continuously at a maximum temperature of 850 °C for 17 years. The internally pressurized HH must not be allowed to distort excessively (or rupture) due to creep at high temperature. This paper investigates the reliability based durability of the preliminary design of the HH and makes recommendations to improve the design and reliability. The reliability based approach is also outlined and benefits of the investigation are elucidated.
Analysis of Creep Test Data
Prediction of the creep behavior of the MarM-247 material planned for use in the ASC HH requires test data in order to develop the creep behavior model. An extensive literature survey to collect test data for MarM-247 material was performed, and hardly any data for this alloy with different grain sizes was available in the open literature mainly due to the proprietary nature of the material. Most of the data available are related to a single crystal and directionally solidified material which has different creep behavior as compared to the one for the ASC HH. Also, data available from the material handbook were very limited and in the form of the Larson-Miller parameter, which is not useful for the nature of the analysis intended. Therefore, further development and analysis effort for the HH life reliability relied mostly on the available test data for the MarM-247 from GRC.
Deterministic characterization of the creep behavior requires an appropriate creep law. Different approaches to achieve the objective of developing a master curve to simulate the creep computationally and verify with the test data were pursued. Several approaches, including one similar to that used for Inconel 718 (Special Metals Corporation) by Oak Ridge National Laboratory (ref. 1) (ORNL), were considered in detail. The ORNL temperature-stress dependent, time-to-rupture model in the following form was adopted for the HH analysis:
with the units used: time, t-hours, stress, σ-MPa, temperature, T-K; and A 0 , A 1 , A 2 , A 3, and A 4 are constants which were determined from the GRC creep test data for Microcast MarM-247 fine grain thick samples.
Characterization of the MarM-247 material using the above creep test data involved the identification of the time to onset of tertiary creep and minimum secondary creep rate. The nature of the data was studied and criteria for primary and secondary creep distinction revealed that the primary creep was insignificant and could be neglected. The time to onset of tertiary creep was determined using the 0.2 percent strain offset. The generalized creep behavior model using the concept of the master curve approach (ref. 1) was developed, and the minimum creep rate, time and strain to onset of tertiary creep and rupture life were computed. The adopted master curve approach involved the following key equations (2) to (4):
where e * (=e/e ss ) and t * (=t/t ss ) are normalized creep strain and normalized time, respectively; e -creep strain, e ss -minimum creep strain at onset of tertiary, t-time, t ss -time to onset of tertiary and γ, δ are material constants. The relationship between minimum creep strain rate and the rupture time is given by
Here e is strain rate, t r is rupture time (hr), and B and α are material constants. Also, the master curve requires the relationship between the time to onset of tertiary and the rupture time as given by 
where A and β are material constants. The creep behavior model coefficients in the above equations were quantified by performing the nonlinear regression, optimization and statistical analyses of the data for the Microcast MarM-247 fine grain, thick sample, and material creep testing.
A normalized strain (ratio of strain and strain at onset of tertiary creep) and normalized time (ratio of time and time to onset of tertiary creep) for the Microcast MarM-247 fine grain thick sample test data are shown in figure 1 . Figure 2 shows the rupture life as a function of temperature and stress.
In order to characterize and develop a reasonable model for the creep behavior of the MarM-247 HH, it is important that the master curve model developed is validated with the test data. A finite element (FE) model simulating the uniaxial specimens with the test loading was developed and creep analysis was performed. The creep model based on the master curve with the coefficients derived for the Microcast MarM-247 fine grain thick samples was used in the simulation.
Predicted accumulated creep strain was compared with those from the test data at different test temperature and stress conditions. Overall, the developed model works well with most cases for the thick samples, especially under stress and temperature conditions that the HH is likely to experience. It is noted here that the model predictions (with model coefficients based on thick samples test data only) compare fairly well with two thin test samples and significantly under predicts the creep strain for the remaining two tested thin samples. Since the HH life is not set by the life of the thin cylindrical sections, a separate master curve model for the thin material is not required for the current geometry. Variability in the predictions is mainly due to scatter in the creep behavior, which is accounted for in the reliability based life prediction.
Deterministic Creep Analysis of Heater Head
Once the creep law has been validated, the next step was to predict the life of the HH. A FE model of the geometry of the HH was prepared using axisymmetric elements available in the Ansys (SAS IP, Inc.) computer code. Deterministic temperature dependent material properties of MarM-247 were implemented. 850 °C temperature in the dome region and 90 °C at the cold end were applied as thermal boundary conditions. An internal pressure load of 3.98 MPa was also applied to the HH. Symmetric boundary conditions at the dome and the fixed boundary conditions at the cold end were applied in the analysis. The constraints due to the integrally-connected heat collector and heat acceptor were not simulated in this analysis, the effects of which are planned for inclusion in future three-dimensional analysis. A nonlinear steady-state heat transfer (conduction) analysis was performed in order to determine the temperature distribution in the HH, followed by a nonlinear creep analysis to obtain time dependent stress and strain distribution in the HH (fig. 3) . Several mesh densities were used in order to evaluate the sensitivity of element size on the stresses in the HH. A general observation suggests that the stresses in the dome region, as shown in figure 3 for this earlier HH design, might be too high for the HH to provide a functional life of 17 years.
Accumulation of creep strain and the stress relaxation during the mission life under thermal and pressure loads were evaluated in the analysis. Since the creep test data for the GRC MarM-247 showed no significant primary creep, it was omitted in the analysis. Maximum von Mises' stress occurred in the dome region at the start of the mission. The analysis showed that the bending part of the stresses in the HH relaxed over time. For instance, the maximum stress at the tip of the dome relaxed 35 percent over a period of 17 years as shown in figure 4.
It is noted that most of the relaxation occurred during the first 5 years. Although the stress reported is at the tip of the dome, the distribution of the stresses across the thickness was studied and is shown in figure 5 . It shows that the stress distribution, at the beginning of the mission (BOM), through the dome thickness is comprised of both membrane and bending stresses. It varies from a minimum at the inner surface inside the dome to a maximum at the outer surface of the dome. However, as the creep strain accumulates over a period of time, the stresses relax to mostly membrane in nature at the end of mission (EOM), and the variation through the thickness is minimized at 17 years. It is to be noted that the creep strains do accumulate even though the stresses relax over time. The variation of the creep strain at the end of 17 years is shown in figure 6 .
It is worth noting that the ratio of time to onset of tertiary and the rupture life, t ss /t r , becomes higher at lower stresses. Meaning, the life during the tertiary creep zone gets smaller at lower stresses. It has been noted in the analysis that t ss /t r exceeds 0.7 at the stresses observed in the dome. The ASME Boiler and Pressure Vessel Code, Section VIII, Division 2 restricts t ss /t r to a maximum of 0.7 for most class of materials in order to ascertain enough margin in life before failure occurs. Considering the ASME code guidelines, the design criteria based on these guidelines and the maximum tolerable creep strain from the functional requirement for the HH are recommended herein. It is recommended that the design life criteria be the minimum of 70 percent of the rupture life (ref. 2) , the time to onset of tertiary and the life based on the HH tolerable creep strain levels in the component. Figure 7 shows the equivalent creep strain accumulation as a function of time in the HH, and figure 8 shows the distribution of the equivalent creep strain in the HH. As seen from the figure 8, the maximum creep strain occurs at the tip of the dome, which in turn governs the life of the HH for this earlier design. It has to be mentioned here that the predicted creep strains in the tapered and thinner section of the HH are based on the master curve creep model parameters identified for the thick sample test data (due to lack of sufficient test data available for thin samples), which may under predict the creep strains in this section.
Reliability Based Creep Analysis of Heater Head
Reliable durability and required functional performance, without inspection, maintenance and repair, must be demonstrated before long-term structural systems can be accepted for use. The reliability assessment involves capturing the effect of uncertainties in the design variables relating fabrication process, geometry, material behavior, loading and mission environment conditions. Due to technical limitations, in addition to time and cost constraints, it is not possible to run full-duration, long-term tests that simulate the actual operational conditions, and it is difficult to capture the effects of design variable uncertainties in a limited number of tests. Therefore, the use of computer simulations or virtual experiments, validated with limited test data, is a viable approach to understand the behavior of components, aid quantification of the long-term behavior and estimate reliability. It also enables engineers to quantify the impact of variations in critical design variables on component reliability.
In order to quantify the reliability of the ASC HH, a probabilistic life analysis that includes the effect of uncertainties in the geometry, pressure and temperature has been performed. Uncertainty in the geometry is selected such that the bounds on the fabrication tolerances relate to ±3 standard deviations. The uncertainty in the pressure is assumed such that the convertor pressure amplitude of 10 percent corresponds to ±3 standard deviations. The analysis does not account for the variation in the hot-end temperature, since it is assumed that the temperature is maintained by the controller and temperature effects on reliability will be accounted for in the controller reliability analysis. Quantifying uncertainties in the material creep behavior is difficult due to the availability of limited test data. Additionally, there are no more than two tests performed for a given cast or grain size at a given stress and temperature condition.
Hence, quantification of uncertainties in a rational manner using this data is very difficult. Several different approaches and methodologies were adopted to quantify the uncertainties in the material creep behavior; however, important related aspects are described and only the final results are presented in the report. In order to completely describe and quantify uncertainties in the material behavior involves quantifying the uncertainties in all the coefficients of the master curve model (eqs. (1) to (4)). Also, it should be noted that these coefficients are correlated in a probabilistic sense. A large amount of test data is needed to quantify uncertainties and cross covariance matrices among these coefficients. In order to circumvent the necessity of this large amount of test data, an engineering approach has been adopted based on the assumption that all these coefficients are fully correlated and all the uncertainties can be lumped into only one constant A 0 in equation (1), which is more or less reflective of the material behavior.
Several probabilistic approaches and methodologies were adopted to characterize probabilistic distributions and scatter in the creep behavior of MarM-247 material. The method of most-likelihoodevent (MLE) combined with the least squares approach within 95 percent confidence bounds has been used to quantify uncertainties in the material behavior. Several statistical goodness-of-fit tests, such as Anderson-Darling, Standard residuals, and Cox-Snell, were applied to validate the quantified parameters. Analysis of the test data suggest that the rupture life is log normally distributed, figure 9, and the scatter (±3 σ variation) is up to 280 percent within the magnitudes of temperature and stress tested. The scatter in the time to onset of tertiary creep, figure 10, also has similar scatter (300 percent), whereas the scatter in the strain to onset of tertiary creep is about 98 percent.
Regardless, the scatter in all variables is considerably large. Therefore, a reliability assessment of components made of MarM-247, with large scatter in creep durability, is critical. The scatter in the constant, A 0 , related to material behavior uncertainties is 1.72 percent. Thus, it is obvious how sensitive this constant is to the rupture life. A small variation in the constant can cause a large variation in the creep durability. The uncertainties and distributions used for each variable are listed in table 1. The magnitude of these uncertainties could change if more realistic information becomes available, such as further material test data, actual mission profiles, etc. As discussed earlier the recommended design life criteria should be based on the level of strain as well as the time to onset of tertiary creep. The probabilistic life analysis at different life times has been performed to quantify the creep strain for different reliability levels. The probability distribution function for the creep strain after 50,000 hr (5.71 yr), 100,000 hr (11.4 yr), and 150,000 hr (17.2 yr) is depicted in figure 11 .
Results provide a creep strain limit for a life of 17 years with assured reliability of 0.999. It is possible that a large creep strain over the limit, if any, may fall in the tertiary creep zone or may have reached the rupture life, which can be verified by examining the creep ductility of the material and performing the failure analysis. Additionally, the sensitivity analysis, as shown in figures 12 and 13, suggests that the creep strain reliability is most sensitive to uncertainties in the material behavior (as expected due to the scatter being large). Sensitivity is defined as the level of significance to the reliability, on a scale of 0 to 1 (0 being the least and 1 being the most), of the uncertainties in a given variable.
It is also seen from figures 12 and 13 that the sensitivity of uncertainties to the material creep behavior becomes more dominant as the reliability requirement is increased. Therefore, in order to improve the reliability of the HH, the uncertainties in the material creep behavior should be reduced. This can be achieved by imposing well controlled material processing, heat treatment, quality control and HH processing.
Since the GRC material characterization is based on limited test data, the reported analysis could be refined with the availability of more test data which may show reduced scatter in the material creep behavior and improved reliability of the ASC HH.
Validation of ASC Heater Head Durability Analysis
The reliability analysis performed and described in this paper will be validated with HH structural benchmark testing (ref.
3). The validation process verifies the applicability of the creep model developed based on the uni-axial test data and applied to the biaxial state of stress in the HH, as well as the overall methodology used in the presented analysis. ASC HH benchmark test data are not yet available; however, the methodology for validation is described below. It consists of the following steps: 
Conclusions
Analysis of the Microcast MarM-247 fine grain uniaxial test data was performed to develop the master curve based creep model and quantify the uncertainties in the material creep behavior required to perform a reliability-based life assessment of the ASC HH. The master curve based model was validated by comparing with the results of a nonlinear finite element analysis of the uniaxial test specimens. This comparison showed very good agreement between the test data and predicted analysis results. Deterministic nonlinear finite element creep analysis of an earlier version of the ASC HH was performed to predict the cumulative creep strain in 17 years of mission life. This analysis shows that the maximum cumulative creep-strain occurs at the tip of dome, and the maximum average creep strain through thickness also occurs at the same location. Uncertainties in the geometry, material properties (long-term creep behavior), and operating conditions (pressure) were included in the quantification of the life and reliability. A probability integration of the uncertainties in the input design variables and their effect on material creep was performed to quantify the reliability-based creep strains and sensitivity of the design variables. The analysis showed the maximum creep strains allowed at the tip of the dome for 17 years of life and 99.9 and 99.99 percent reliability. The quantified sensitivities clearly show that the creep strain and reliability are most sensitive to the uncertainties in the material properties (creep behavior), followed by geometry and pressure. In order to assure or improve the reliability, uncertainties in the material properties need to be controlled.
It is to be noted here that the creep durability and reliability predictions and material characterizations are based on a limited number of NASA GRC tests on the HH material and may change with additional test data. Factoring in available test data from structural benchmark testing should also enhance the confidence in the reliability results.
